Trans-sialylation is a unique enzymatic process that is restricted to some trypanosome species. By expressing developmentally regulated trans-sialidases, these protozoan parasites cleave sialic acids from host glycoconjugates and transfer them to acceptors on their own cell surfaces. The biological function of this process is not understood, but trans-sialylation is expected to be important in the invasion of mammalian cells by Trypanosoma cruzi and the survival of Trypanosoma brucei within its insect vector. Since a conventional gene knockout approach was precluded, we developed a dominant-negative strategy, in which fusion proteins consisting of a bacterial sialidase and trypanosome proteins were expressed in T.brucei and T.cruzL The strong recombinant sialidase activity shifted the reaction equilibrium from sialic acid transfer to hydrolysis, in this way creating a sialic-acid-negative phenotype. Taking advantage of a recently introduced inducible expression system, we were able to control the expression of sialidase fusion proteins in T.brucei. Reversion of the sialic-acid-negative state to wild-type siaJylation was accomplished by selective inhibition of the foreign sialidase, leaving the parasite trans-sialidase unaffected. Both desialylation and resialylation of trypanosomes was rapidly achieved. Our results show that neither T.brucei nor T.cruzi require sialic acids for survival in vitro, ruling out the involvement of sialylation in cell surface integrity. The versatile system introduced here will allow a detailed in vivo study of the role of trans-sialylation during the trypanosome infection cycle. Furthermore, cell-surface sialic acids are implicated in a multitude of (patho-) biochemical processes in other organisms. The quantitative and qualitative manipulation of cell surface sialic acids, by expressing of counteracting enzymes, constitutes a novel approach with potentially broad applications in glycobiology.
Introduction
For decades, researchers have been attracted by trypanosomes, cunning protozoan parasites which seem to periodically reveal yet another element of their ingenious survival strategies. Though studied for more than 100 years (Bruce, 1895) , trypanosomes still remain elusive, causing major diseases in humans and animals, mostly in tropical regions. In Africa, Trypanosoma brucei is the agent of sleeping sickness in humans and Ngana (meaning: lost spirits) in domestic animals. The parasites, transmitted by the tsetse (Glossina sp.), elude the host's immune system by consecutively expressing one of several hundred variant surface glycoproteins (Vsg) (Cross, 1996) . When entering the tsetse with the fly's blood meal, the Vsgcoat of the bloodstream forms is replaced by the invariant surface coat of the procyclic insect stage, which consists of a small family of very similar procyclic acidic repetitive proteins (Parps), also known as procyclins (Mowatt and Clayton, 1989; Roditi and Pearson, 1990) .
In contrast to T.brucei, the American parasite Trypanosoma cruzi does not use antigenic variation but largely evades the mammalian immune response by invading host cells (Burleigh and Andrews, 1995) . How T.cruzi, the causative agent of Chagas disease, enters into host cells is not understood. The process of invasion is a multifactorial event, in which receptormediated endocytosis (Herrera et ai, 1994) requires cytoskeletal rearrangements (Barbosa and Meirelles, 1995) , a rising intracellular Ca 2+ level (Moreno et al, 1994; Dorta et al., 1995) , and the activation of the TGF-P signaling pathway (Ming et al., 1995) . Critically involved in the infection is a unique enzyme, trans-sialidase, which combines the catalytic properties of sialidase and sialyltransferase (Schenkman et al., 1991) . Trans-sialidases are not only capable of cleaving terminally bound sialic acids from the underlying sugar chain but also transfer these sugars onto new glycosidic linkages (Cross and Takle, 1993; Engstler and Schauer, 1993; Schenkman and Eichinger, 1993) . Trans-sialylation is restricted to a few trypanosomal species (Engstler et al., 1995b) , two of which are the most infamous, T.cruzi and T.brucei. Lacking the sialic acid biosynthesis machinery, these parasites exclusively rely on acquisition of sialic acids via trans-sialylation (Zingales et al., 1987) . Procyclic tsetse forms of T.brucei express a developmentally regulated trans-sialidase (Engstler et ai, 1992) , which transfers sialic acids from the environment onto the GPI-anchor glycans of Parp (Engstler et al., 1993; Ferguson et al., 1993; Pontes de Carvalho et al., 1993) . In this way a negatively charged glycocalix is formed, which covers the parasite's cell surface. The biological function of sialylation remains a matter of speculation.
In T.cruzi, trans-sialidases are expressed in different life cycle stages (Cross and Takle, 1993; Schenkman et al., 1994) . Furthermore, these enzymes are members of a large multigene family, consisting of some 80 genes, most of which do not encode active trans-sialidases (Uemura et al, 1992; Egima et ai, 1996) . Though the growing body of information on T.cruzi trans-sialidases increasingly implicates them in host cell invasion (Burleigh and Andrews, 1995; Pereira et ai, 1996) , definitive evidence for the role of trans-sialidases in the trypanosome life cycle requires an approach permitting reliable and reversible modulation of trans-sialylation. An approach based on trans-sialidase null mutants was unfeasible because of the multiplicity of T.cruzi trans-sialidase genes and the failure to identify the corresponding gene(s) in T.brucei. We instead developed a dominant-negative strategy, in which a strong bacterial sialidase, expressed in trypanosomes as fusion protein, counteracts the parasite's trans-sialidase. In this way the reaction equilibrium is shifted from sialic acid transfer to hydrolysis, ultimately resulting in a sialic-acid-negative phenotype. By taking advantage of the recently introduced inducible expression system (Wirtz and Clayton, 1995) , we were able to control the expression of sialidase-hybrid proteins in T.brucei. The reversion of a sialic acid deficient state to the wild-type situation was achieved by selective inhibition of the recombinant sialidase activity.
The high variability of sialic acids, a group of more than 30 modifications of the acidic sugar neuraminic acid, is reflected in the multitude of complex biological events in which they are involved (Varki, 1992; Schauer et al., 1995) . The concept of expressing recombinant sialidase (and trans-sialidase) fusion proteins, to control the degree and quality of cellular sialylation, may well be suited to address questions beyond trypanosome biology.
Results

Construction and expression in E.coli of Clostridium sordellii sialidase-fusion proteins
Genes encoding the sialidases of three different strains of Clostridium sordellii were amplified from genomic DNA by PCR, cloned into the pCRH-vector and expressed in E.coli (pCS). Sequencing of the sialidase genes showed an overall nucleic acid identity of 95% (GenBank accession numbers U77591-U77593). Since the recombinant sialidase gene from C.sordellii G5 revealed the highest specific activity (7% more than the recombinant sialidases from C.sordellii G12 and G39, respectively), it was chosen for the construction of fusion genes. The fusion junctions of these constructs (summarized in Figure 1 ) were sequenced. After transfection of E.coli, clones were screened on agar plates for sialidase expression. A detailed analysis of recombinant proteins, including pH optima, inhibition and kinetic parameters, proved that C.sordellii sialidase activity was not affected by the manipulation of the primary structure (Table I ). The use of the recently synthesized fluorigenic sialidase substrate 4-trifluoromethylumbelliferyl-a-D-Nacetylneuraminic acid (CF 3 MU-Neu5Ac; Engstler et al, 1997) greatly facilitated the experiments, since no pH shift to pH 10 is required for full fluorescence (as it is the case for methylumbelliferyl-a-D-N-acetylneuraminic acid (MU-Neu5Ac). Therefore, this substrate is very well suited for the microtiter analysis of multiple kinetic parameters of large numbers of clones.
Constitutive and inducible expression of sialidase-fusion proteins in Trypanosoma brucei
Two different series of constructs were generated for expressing sialidase activity in procyclic forms of T.brucei. In the first approach, the clostridial N-terminal signal sequence was replaced by the N-terminal signal sequence of the major procyclic surface glycoprotein Parp and the Parp-C-terminal GPIanchoring signal sequence was added (pPSG, Figure 1A ). In addition, genes were generated that lacked the trypanosomal GPI-anchoring signal sequence (pPSS, Figure 1A ). The genes were cloned into the inducible expression vector pLEW5, where a tetracycline-responsive parp-promoter drives their expression and that of a linked bleomycin resistance gene (ble). These constructs were transfected into wild-type procyclic T.brucei or a T.brucei-denved transgenic cell line expressing the tetracycline repressor. Phleomycin-resistant clones were selected in 96-or 24-well microtiter plates in the presence of 1 H-g/ml tetracycline to maintain the activity of the TC-parp promoter. For each construct, 10 independent phleomycinresistant clones were analyzed. Homologous targeting of the fusion genes to the transcriptionally silent ribosomal DNA intergenic spacer (White et al., 1986) of T.brucei was confirmed by Southern analysis ( Figure 2B ). Northern blots revealed a high level of steady-state RNA corresponding to the sialidasefusion genes ( Figure 2B ). The amount of trans-sialidase and sialidase activity, expressed in the transgenic cell lines and procyclic wild-type cells, was analyzed. Clostridial sialidase activity exceeded the intrinsic trans-sialidase by much as 12 times (Table II) . The catalytic parameters of mutant sialidase in T.brucei were unaltered (Table II) . When the Parp-GPIanchoring signal sequence was present in the fusion genes (PSG), the enzyme activity was membrane-bound. Almost 90% of the sialidase activity was found in the detergent phase after Triton X-114 phase-partitioning of trypanosome lysates. When a preincubation with rat serum (as source of GPIPLD; Low and Huang, 1991) was performed, 79% of the sialidase activity was released into the aqueous phase (Table II) . This supports a model of attachment of sialidase-hybrid protein to the cell surface via a GPEPLD-sensitive GPI-anchor. In cell lines transformed with the PSS-constructs (lacking the GPIsignal sequence), the sialidase activity was excreted quantitatively into the cell culture medium.
For constitutive sialidase expression, the sialidase coding sequence was fused in frame to the bleomycin resistance gene {ble) and the fusion was ligated into the 5'-region of the parp-A. gene, just downstream of the N-terminal signal sequence (PCB) (Figure 1 ). E.coli clones expressing pPCB were resistant to phleomycin and showed sialidase activity. The 5'-and 3'-regions of parp were used to target the fusion into the trypanosomal genome, replacing one allele of the. parp A locus. After selection with phleomycin, clones were generated by limiting dilution. Southern and Northern blots revealed the correct integration and high-level expression of the fusion gene ( Figure 3A,B) . By using antibodies to Ble, the expression of fusion protein was confirmed on western blots ( Figure 3C ) and by immunofluorescence of cells (data not shown). The sialidase activity was slightly higher than in the PSG and PSS cell lines (Table II) .
Expression of sialidase in Trypanosoma cruzi
For the expression of sialidase activity in T.cruzi, the episomal shuttle vector pTEX (Kelly, 1995) , containing the neomycin phosphotransferase gene as selectable marker, was used. The parp-siahdase fusion was ligated into pTEX giving pTEX-PSG, which was transfected into epimastigote forms of T.cruzi strains Y^ and DM28C. After selection with 2 mg/ml G418, cell lines were cloned by limiting dilution in two identical microtiter plates, one of which was used for direct determination of sialidase activity. Three clones, which showed the highest level of sialidase expression, were chosen for further analysis. As expected from an episomal multicopy expression system, the sialidase activity in the T.cruzi cell lines was higher than in the T.brucei lines. Up to 60-fold more sialidase than intrinsic trans-sialidase activity was detectable.
Trypanosomes expressing clostridial sialidase are sialic acid free
The aim of this study was not simply to express a bacterial sialidase in trypanosomes but to generate a sialic acid-deficient phenotype. Thus, we compared the sialic acid content of wildtype and mutant T.brucei and T.cruzi cell lines by using a very sensitive fluorimetric HPLC-procedure (Hara et al, 1989; Engstler et al., 1993) . The results (Table UT) confirmed that the sialic acid content per cell for T.brucei and T.cruzi is similar. Bloodstream forms of T.brucei, which do not express transsialidase (Engstler et al, 1992 (Engstler et al, , 1993 , were used as a negative control. All cell lines expressing sialidase fusion proteins were virtually sialic acid free. Only the T.brucei clones expressing secreted sialidase fusion protein contained detectable sialic acids, about twice the instrumental background, corresponding to a 30-fold reduction in cellular sialic acids.
Inducible desialylation in Trypanosoma brucei
In procyclic T.brucei, it is not known if and when transsialylation has an effect on the establishment or development of the parasites in the tsetse. The prospect of inducing a transsialylation negative phenotype at different stages during the infection is potentially instructive in that regard. Hence we examined the utility of the tetracycline-responsive parp promoter driving the expression of sialidase fusion genes. Sialidase activity, after induction with 1 JJLM tetracycline, reached its maximum level shortly after 4 h ( Figure 4 ). The decrease of the cell bound sialic acids was monitored in parallel (Figure 4) . Seven hours after induction, sialic acids were undetectable. Plasmid pCS contains the full-length C. sordellii sialidase sequence; pPSG contains a truncated sialidase fused in frame between the N-terminal signal sequence and the GPI-anchoring signal sequence of the trypanosomal protein Parp; pPSS is identical to pPSG but lacks the GPI-signal; pPCB contains a sialidase-bleomycin cassette fused in frame, after the N-terminal signal sequence, into the full size parp A gene. All data are means of three (pH; Neu5Ac2en) and six (kinetic parameters) independent experiments, respectively.
Specific inhibition of sialidase activity results in the rapid restoration of trans-sialylation
Trans-sialidases show an unusual inhibition behavior (Engstler et al., 1994) . The enzymes from both T.brucei and T.cruzi are not affected by the naturally occurring sialidase inhibitor 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en) (Engstler et al, 1992 (Engstler et al, , 1993 . However, as shown in Table I the full-size recombinant sialidase from C.sordellii and all fusion enzymes were readily inhibited by small amounts of Neu5Ac2en. We exploited this feature for the rapid reversion of a sialic-acid-negative state to the wild-type situation in T.brucei and T.cruzi. Resialylation in both species occurred with fast kinetics ( Figure 5 ). The bacterial sialidase activity was undetectable after 20 min and the resialylation was almost complete after 1 h.
Sialidase-expressing trypanosomes desialylate oligosaccharides and erythrocytes in vitro
After incubation of rat erythrocytes with trypanosomes expressing Parp-sialidase-hybrid protein (PSG) for 2 h at 37°C, 12% of the erythrocytes were desialylated as judged by DEAEanion exchange chromatography. Desialylated erythrocytes do not bind to the weak anion exchanger DEAE. This effect was even more pronounced with trypanosome cell lines secreting the sialidase-hybrid protein (PSS). Here, more than 20% of the red blood cells were counted in the flow-through of the DEAEcolumn. In control experiments with wild-type trypanosomes, all of the erythrocytes were retained on the ion exchange resin. This result was confirmed by incubation of recombinant and wild-type trypanosomes with 1 mM Gal-MU or sialylated Gal-MU (Sia-Gal-MU). After incubation of 2 x 10 6 transgenic parasites with 1 mM Sia-Gal-MU for 1 h, 82% of the MUfluorescence was found in the flow-through of Q-Sepharose columns. No MU-fluorescence was retained on the strong anion exchanger when sialidase-expressing cells were incubated with 1 mM Gal-MU in the presence of a potent sialic acid donor (sialyllactose, 1-10 mM). Thus, Sia-Gal-MU was readily desialylated and no sialic transfer onto Gal-MU occurred. On the other hand, wild-type trypanosomes readily transferred sialic acids onto Gal-MU (85%), but did not desialylate Sia-Gal-MU (3%). When the experiments were repeated in the presence of 0.5 mM Neu5Ac2en, no difference between wild-type and sialidase-expressing trypanosomes was observed.
A sialic acid-negative phenotype does not affect trypanosomes in vitro
None of the recombinant T.brucei or T.cruzi cell lines showed an obvious growth, motility or viability phenotype in culture. The growth rate of all clones was essentially identical when compared to wild-type parasites. No changes in the parasite morphology were observed by light microscopy. In addition, none of the chemicals used (e.g., tetracycline, sialyllactose, Neu5Ac2en) exhibited toxicity at the concentrations used. The presence of sialic acids on the surface of trans-sialidase ex- The sialidase activity of wild-type T.brucei and transformed cell lines expressing the sialidase-fusion proteins PSG, PSS, or PCB were analyzed on samples of 10* parasites.
pressing trypanosomes is therefore not required for survival in vitro.
Discussion
This work provides versatile tools to address a long-standing question in molecular parasitology concerning the function of unique trans-sialidases, which acquire sialic acids from the host for the incorporation into the parasite's surface. A conventional trans-sialidase gene-knockout approach was not feasible in the T.cruzi system where trans-sialidases comprise a large supergene family (Uemura et al., 1992; Cross and Takle, 1993; Egima et al., 1996) . In T.brucei, die primary structure of the developmentally regulated trans-sialidase is still unknown.
Sialidases and trans-sialidases show highly conserved sequence motifs (Roggentin et al., 1993 ), but we failed to clone an active trans-sialidase gene from T.brucei by using these homologous motifs. Trans-sialidase or sialidase genes Cross, unpublished observations) . To obtain functional trans-sialidase knockouts, despite these experimental limitations, we designed a dominantnegative strategy. Expression of a strong bacterial sialidase activity in trypanosomes was used to shift die reaction equilibrium from sialic acid transfer to sialic acid hydrolysis, creating a sialic-acidnegative phenotype. Bacterial sialidases in general are an order of magnitude more active than trypanosomal trans-sialidases (Engstler and Schauer, 1993) , which was expected to guarantee sufficient sialidase activity to compete trans-sialylation. The sialidase from Clostridium sordellii was favored for the experiments since the protein is hydrophilic, and it has a high specific activity, a small size, and an almost neutral pH optimum (Rothe et al., 1989) . These features were expected to be helpful for successful expression of hybrid proteins in trypanosomes. Construction of various sialidase-hybrid genes was facilitated by the ability to directly select for constructs which mediated sialidase activity in E.coli. The use of a novel fluorigenic sialidase substrate (4-trifluoromethylumbelliferyl-a-D-N-acetylneuraminic acid; CF 3 MU-Neu5Ac) eliminated some former problems in screening for sialidase expressing clones on agar plates. In contrast to MU-Neu5Ac, its trifluoro-derivative provides full fluorescence without the need for a shift to pH 10. For the same reason, this substrate is superior for studying kinetic parameters of multiple samples in microtiter plates.
The expression of sialidase-hybrid proteins in procyclic forms of T.brucei was achieved by following two strategies. In a first approach, the sialidase gene was fused to trypanosomal signal sequences. In a second approach a fusion protein consisting of Parp, sialidase, and the bleomycin resistance protein was generated.
We used the signal sequences of Parp since it is the major surface glycoprotein in the procyclic midgut stage of T.brucei. In addition, the Parp-GPI-anchor glycans are natural acceptor sites for trans-sialylation (Engstler et al, 1993; Ferguson et al, 1993; Pontes de Carvalho et al., 1993) . The fusion to Parpsignal sequences did not affect sialidase activity in E.coli or in the transgenic trypanosomes. In cell lines transfected with constructs containing the parp-GPI-anchoring signal sequence (PSG), the sialidase activity was cell-associated and partitioned in the detergent phase after Triton X-114 phase separation. After treatment with rat serum, containing GPI-PLD (Low and Huang, 1991) , the enzyme activity was found in the aqueous phase, which confirmed that the enzyme was GPI-anchored. On the other hand, sialidase was secreted from trypanosomes transfected with constructs, lacking the GPI-anchor signal sequence (PSS).
The 12-fold increased sialidase activity in the PSG cell lines was sufficient to provide one key result of the present study. Sialidase-expressing trypanosome clones were sialic-acid free, as judged by a very sensitive fluorimetric HPLC procedure. Furthermore, this phenotype was inducible in cell lines expressing the tet repressor. The fast kinetics of inducible sialidase expression and concomitant desialylation of the trypanosomal cell surface is striking. One limitation of the tetracycline inducible expression, however, was its relatively slow reversibility. After withdrawing tetracycline from the culture medium, it took more than 1 week for sialidase expression to reach the basal level found in wild-type cells. Since transcriptional repression is more rapid (Wirtz and Clayton, 1995) , the hybrid proteins were probably turned over rather slowly, which could be a major drawback for biological studies. The dilemma was overcome by using the specific sialidase inhibitor 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en). This compound inhibits virtually all sialidases, but does not affect trypanosomal trans-sialidases (Engstler et al., 1992 (Engstler et al., , 1993 . Very small amounts of Neu5Ac2en were sufficient to completely inhibit the bacterial sialidase activity within min, thereby leaving the trypanosomal trans-sialidase active. Resialylation of the trypanosomes occurred with surprisingly fast kinetics. We were able to induce a sialic acid free phenotype within 7 h and to reverse it to the wild-type situation within 1 h. We are using this system to investigate whether transsialylation is needed for the survival of T.brucei in its insect vector.
The minimal amount of sialic acids detected in lysates of bloodstream forms and mutant procyclic forms of T.brucei are remnant of sialic acids from the cell culture medium, which are trapped within the lysates. These minor amounts cannot be released by additional sialidase treatment of the samples, however, can be removed by extensive washing steps (Engstler et al., 1995) . Thus, the remaining traces of sialic acids are not a product of trans-sialylation.
An advantage of our approach is that sialic acids are cleaved off not only from the trypanosomal surface, but most probably also from host compounds and cells. It is not known to whether the biological effect of trans-sialidase is related to the sialic acid transfer onto the trypanosomal cell surface or if sialylation/desialylation of host glycoconjugates is the critical point We have previously shown that trans-sialylation enables procyclic T.brucei to desialylate and resialylate red blood cells (Engstler et al., 1993) . This capability is lost in sialidaseexpressing cell lines. Within a short period of time, a significant proportion of erythrocytes were desialylated by recombinant trypanosomes. The specificity of this process was confirmed by the inability of transgenic trypanosomes to sialylate the potent sialic acid acceptor Gal-MU. When the experiment was repeated in the presence of Neu5Ac2en, the results obtained for wild-type and recombinant T.brucei were identical, underlining the reversibility of the trans-sialylation dominant negative phenotype.
We incubated trypanosomes in cell culture medium containing up to 10 mM bound sialic acids in addition to the 10% fetal calf serum. This reflects the approximate sialic acid content of full blood. The experiment was done in order to exclude a possible exhaustion of the catalytic capabilities of the recombinant sialidase above the sialic acid level present in the cell culture medium. The results did not indicate any changes in the kinetics of trypanosome desialylation.
There has been a significant amount of inconclusive experimentation and speculation on the role of trans-sialidases in the life cycle of the American hemoflagellate T.cruzL However, the body of available experimental data is rather small. Only very recently, it has been shown that a subpopulation of T.cruzi trypomastigote forms, selected for a trans-sialidase impaired phenotype shows dramatically decreased invasion rates of mammalian cells (Pereira et al., 1996) . It is also known that, within the host cell, all T.cruzi cells express trans-sialidase (Rosenberg et al., 1991) . Thus, even if trans-sialylation participates in facilitating the multifactorial event of entering the host cell, the major work for the enzyme may still wait inside (Hall et al., 1992) . We generated T.cruzi cell lines which express high levels of clostridial sialidase-hybrid protein from an episomal shuttle vector (Kelly, 1995) . Compared to T.brucei, the amount of recombinant sialidase activity was up to 4 times higher. This is due to multiple copies of the pTEX-plasmid in the cells. Sialic acid analysis revealed the absence of sialic acids in transformed T.cruzi cell lines. Inhibition of the bacterial sialidase activity by Neu5Ac2en resulted in a quick restoration of wild-type sialylation. Our approach may be able to answer the question of whether any sialic acids on the parasite or host cells are necessary for invasion by T.cruzi.
The results presented here clearly exclude the possibility that sialic acids are required for the trypanosome survival in vitro. Neither T.brucei nor T.cruzi mutants exhibited obvious changes in growth rate, mode of division, mobility, or morphology. Given the normal abundance of cell surface sialic acids in the case of T.brucei (five molecules per Parp-GPIanchor), this result does not support the postulated influence of sialylation on the structural integrity of the procyclic surface coat (Ferguson et al., 1993 (Ferguson et al., , 1994 .
The use of sialidase-hybrid proteins introduces a system for monitoring the biological roles of trans-sialylation in trypanosomes, but in addition provides a useful tool for molecular biological studies in parasites. Our results show that the sialidase activity is not affected when fused to the bleomycin resistance protein, in this way combining the features of a sensitive reporter enzyme with those of a cogent selectable marker and an epitope tag. Additionally, the sialidase-Ble fusion protein is active in E.coli, providing a convenient selection of recombinant bacteria or of trypanosomal transformants.
The concept of modulating the state of sialylation in trypanosomes is transferable to other eukaryotic systems. The controlled expression of sialidase-or trans-sialidase fusion proteins in mammalian cells, for example, could give insight into the roles of sialic acids and their underlying sugars. It is the high variability of sialic acids that accounts for the different cellular events in which these sugars are involved (Varki, 1992; Schauer et aL, 1995) . Our previous studies on the substrate specificity of T.brucei trans-sialidase have shown that this enzyme is much less specific than sialyltransferases of higher eukaryotes (Engstler etaL, 1993 (Engstler etaL, , 1995a . In mammalian cells, the generation of differentially modified sialic acids occurs late in the biosynthetic pathway, requiring a variety of processing enzymes (Schauer et al., 1995) . By using recombinant trans-sialidase expressed in mammalian cells, the degree and quality of cell surface sialylation becomes controllable. After desialylation with sialidases, specific sialic acids, supplied on donor compounds, may be transferred onto the vacant cellular acceptor structures by the recombinant trans-sialidase activity. Our preliminary results show that this can be done, at least in trypanosomes, were we have been able to generate parasites that exclusively have O-acetylated, hydroxylated, or FITC-conjugated sialic acids (Engstler et aL, 1995a; unpublished observations) . Thus, the use of recombinant sialidases may provide new insight in glycobiology.
Materials and methods
Cultivation and transfection of trypanosomes
Procyclic forms of T.brucei strain S427 and STTB348-T-B were cultivated in SDM79-medium containing 10% heat-inactivated FCS at 27 C C as described previously (Brun and Schonenberger, 1979) . The transgenic cell line 427-29.al3 clone 6 is constitutively expressing the tetracycline repressor. Derivatives of this cell line were grown in the presence of 1 JJLM tetracycline. The trypanosomes were harvested at a density of 5 x 10*/ml, washed twice with 1 vol of ice-cold ZPFM and resuspended at 2 x 10 7 cells/ml in ZPFM. After 500 | JL1 of the cell suspension were mixed with 10 jig of linearized plasmid (pLEW5-derivatives were linearized with EcoKV and pPCB with Plel), electroporation was done using a BTX electro cell manipulator, essentially as described previously (Bellofatto and Cross, 1989) . The transfected trypanosomes were grown for 18 h in 10 ml of SDM79. Then 2.5 jig/ml phleomycin (CAYLA, France) were added. Phleomycin-resistant transformants were cloned by limiting dilution in 96-well microtiter plates using 50% conditioned SDM79 (Schenkman et aL, 1994) . Wild-type epimastigote forms of T.cruzi YjflH and DM28C were used as control for derivatives expressing sialidasefusion protein from the episomal construct pTEX-PSG.
Epimastigote forms of T.cruzi strain Y fnH and DM28C were cultivated in LIT medium (Bone and Steinert, 1956 ) containing 10% heat inactivated FCS at 27°C (Crane and Dvorak, 1982) . The parasites were harvested at a cell density of 1 x 10 7 /ml, washed twice with 1 vol of ZPFM at room temperature, and resuspended in ZPFM at a cell density of 6 x 10 7 /ml. Four hundred microliters of the cell suspension was mixed with 100 p.g pTEX-PSG and electroporated as described above. The cells were transferred into 10 ml of culture medium and grown for 24 h. Then transformants were selected by adding 2 mg/ml of G418.
(primers: CSN/EagI: 5'-GGT ACG GCC GCC AGT AAT TTA AAC ACA ACT AA-3' and CSNrMval: 5'-CTT ATT CTC GGG TTT TAA TTT TTT ATT ATT CTC AAT GAG T-3').
After digesting the PCR products PN and CSN with the restriction enzymes Notl and Eagl, respectively, the two fragments were ligated. The resulting 1776 bp pa/p-sialidase fusion gene (PN-CSN) was cloned into the HincU site of pBluescnpt and sequenced. A 165 bp AvaVXmnl fragment from plasmid pD20 (Ip, 1991) , which includes the GPI-anchor signal sequence of parp, was ligaled into pPN-CSN cut with Aval and Smal. The resulting fusion construct pPN-CS-GPI was used as a template for generation of the 1.4 kb PCR-product PSG having a HindVH restriction site at the start codon and a BamYU site at the stop codon of the fusion gene (primers: PSG/HindUl: 5'-ACA CAA GCT TAT GGC ACC TCG TTC CCT TTA TC-3' and PSGr/BamHl: 5'-TGC GGA TCC TTA GAA TGC GGC AAC GAG AGC AGC-3'). A fto/p-sialidase fusion gene lacking the trypanosomal GPI-anchor signal sequence (PSS) was generated by PCR using the same template but the primers PSG/Hindd (see above) and PSSr/flomHI (5'-CTG GAT CCT TAT TTT AAT TTT TTA TTA TTC TCA ATA-3'). The resulting open reading frames, PSG and PSS, were cloned into the HindnUBamrU sites of pUC19, sequenced, and subcloned into the HindWUBamrll of pLEW5 (E. Wirtz, unpublished observations), a derivative of a previously described inducible expression vector pHD430 (Wirtz and Clayton, 1995;  Figure 1 ).
Generation of constitutively expressed sialidase-ble-parp-hybrids
The parp-A gene from plasmid pD20 (Ip, 1991) was subcloned into pBluescript and cut with Ehel (pPARP). The coding region of C.sordellii G5 sialidase, lacking start and stop codons, was amplified from pCS using primers CSN2/£A«I (5'-GCG GGC GCC AGT AAT TTA AAC ACA AC-3') and CSHTilEhel (5'-ATA TGG CGC CTT TTA ATT TTT TAT TAT TCT CAA TAG-3'). The 1150-bp-PCR-product (CSN2) was digested with the restriction enzyme Ehel. A 423 bp fragment of the bleomycin resistance gene from Streptoalloteichus hindustanus (jble) (Drocourt et aL, 1990) was cut out from plasmid pLEW5 with Ncol and Stul, blunt ended, and ligated into the filled Aval site of pPN-CS-GPI, yielding pPN-CS-BLE. A 1.58 kb PCR product (CSN-BLE) was amplified from pPN-CS-BLE using the primers CSN2/Ehel (see above) and BLEr/£fc«I (5'-AAA AAG GCG CCG TCC TGC TCC TCG GCC ACG AAG-3'), cut with Ehel, and ligated into the Ehel site of pPARP yielding the replacement construct pPCB.
Nucleic acid and protein analysis
Genomic DNA and total RNA from trypanosomes was isolated using DNA STAT60 or RNA STAT60, respectively, following essentially the manufacturer's protocol (TEL TEST 'B' Inc., Friendswood, TX). Restriction digests, gel electrophoresis and nucleic acid transfer were carried out using standard procedures (Sambrook et aL, 1989) . Southern and Northern hybridizations were done using the QuikHyb system (Stralagene, La JoUa, CA). Final hybridization washes were at high stringency (0.1 x SSC, 0.1% SDS, 68°C). SDS-PAGE and Western blot analysis were carried out according to standard protocols (Sambrook et ai, 1989) . Indirect immunofluorescence was performed essentially as described previously (Horn and Cross, 1995) . Primary antibody was rabbit antiserum to the bleomycin resistance protein (CAYLA, France). For Western blot analysis, horseradish peroxidase-conjugated antirabbit secondary antibody was visualized using enhanced chemiluminescence (ECL) reagents (Amersham). Secondary fluorescent antibodies were FITCconjugated goat anti-rabbit (Sigma).
Cloning of Clostridium sordellii sialidase genes
PCR-amplification of sialidase genes from genomic DNA of Clostridium sordellii strains G5, G12, and G39, respectively, was performed by using the oligonucleotide primers CS1 (5'-TTG TTT TGT CAG CAT GTA ATA TCA ATG-3') and CSlr (5'-TAA TTTTAC TTT TTC TAC TTT TTT GT-3'). The PCR-products were cloned into the vector pCRII (Invitrogen, San Diego, CA) giving the plasmid pCS and sequenced.
Generation of inducible paip-sialidase hybrids
A 642-bp PCR-product (PN), including part of the 5' UTR and the N-terminal signal sequence of the parp A gene was amplified from the plasmid pEPARP (Engstler, unpublished observations) using the oligonucleotide primers PN (5'-GAC AAG TGT ATT GTT CCG AGT ATG GTG AGC G-3') and PNr/ Notl (5'-GCT TCT TGG CGG CCG CAA ATC CCA CG-3').
By using nested PCR, the sialidase coding region lacking the bacterial N-terminal signal sequence and stop-codon (CSN) was amplified from pCS Generation of episomal sialidase-expression constructs for T.cruzi pPSG was cut with BamHL Klenow filled, and digested with HindHl. The resulting parp-siaiidase fusion gene PSG was ligated into the episomal shuttle vector pTEX (Kelly, 1995) cut with Xhol, filled with Klenow and cut with Hindm yielding pTEX-PSG.
Sialidase and trans-sialidase assays
Sialidase activity was routinely tested with 0.1 mM MU-Neu5AC as previously described (Engstler et aL, 1992) . When fluorimetric reading was done, using a micronter fluorimeter (Cytofluor 2300, Millipore) and CoStar 96-well microtiter plates, enzyme reaction volume was 100 |xl and the reaction was stopped by adding 200 p.1 of glycine buffer (20 g/1 glycine, 7 g/1 NaCl, 8.8 g/1 Na 2 CO 3 ), pH 10 (Engstler et aL, 1995b) . Trans-sialidase activity was measured using 2 mM 4-methylurnbelliferyl-p-D-galactopyranoside (Gal-MU) as a sialic acid acceptor and 1 mM Neu5Ac-a(2-3)lactose as sialic acid donor, essentially as described previously (Engstler et aL, 1995b) .
Screening for expression of recombinant sialidase in E.coli was done by spraying bacterial colonies on agarose plates (containing 0.1 mM IPTG) with fluorigenic sialidase substrates (4-methylumbelliferyl-a-D-N-acetyuieuraminic acid (MU-Neu5Ac; Roggentin et al., 1988) ) and 4-trifluoromethylumbelliferyl-a-D-N-acetylneuraminic acid (CFjMU-Neu5Ac; Engstler et aL, unpublished observations), respectively. Sialidase-positive clones were visualized after UV excitation (360 run) by emission of a blue-white fluorescence. For the expression of hybrid genes containing sialidase and the bleomycin resistance gene, the agar was supplemented with 5 |Ag/ml phleomycin.
For determination of the relative sialidase activity at pH 7 compared to pH 6, E.coli cells (20 ml) were harvested in the logarithmic phase of growth, washed twice in PBS, and resuspended in 5 ml of 50 mM Bis-Tris, pH 6.0, and 50 mM Bis-Tris, pH 7.0, respectively. This was done in order to exclude any alteration of the C.sordellii sialidase pH-optimum, which is at pH 6. The effect of Neu5Ac2en (0.1 mM final concentration) on recombinant sialidase activity was analyzed after 15 min preincubation with the sialidase inhibitor
In order to determine the kinetic parameter K M and V,,,,,, 0.25 U of sialidase was incubated as described above in 50 mM Bis-Tris, pH 6.0, containing between 0.01 and 1 mM of CF 3 MU-Neu5Ac as substrate. Fluorimetric reading was done using a microtiter fluorimeter and 96-well raicrotiter plales. Kinetic data were fitted to the Michaelis-Menten equation by nonlinear regression using Enzfitter 2.0 software from Biosoft (Cambridge, UK).
Phase separation in Triton X-l 14 was carried out with 10 7 osmotically lysed trypanosomes. Cells were washed once in 1 vol PBS and incubated for 15 min in 1 ml of ice-cold H 2 O. The cell lysales were extracted sequentially with 0.5% and 1% Triton X-l 14 in 50 mM Bis-Tris, pH 7.0, at 4°C. Following incubation at 30°C for 10 min and centrifugation, the sialidase activity was determined in the aqueous phase and compared to the enzyme activity prior to phase separation. In parallel experiments, the trypanosome lysates were preincubated with 1 vol of heparinized rat serum, as source of GPIPLD, for 20 min at 37°C, before Triton X-l 14 phase separation was performed.
Sialic acid analysis
The sialic acid content of parasite cells was determined from lyophilized cells by a fluorimetric HPLC-procedure (Hara et al., 1989) , modified by Engstler et al (Engstler et al, 1993) . Briefly, 1 x 10 s cells were extensively washed at 0°C, and the resulting cell pellet was resuspended in 50 u,l of 0.1 M HC1. Following acid hydrolysis for 60 min at 80°C, 20 \i\ of the supernatant was derivatized with l,2-diamino-4,5-methylenedioxybenzole and analyzed by fluonmetric HPLC using a RP-18 cartridge (25 x 0.4cm; Merck, Darmstadt, Germany). The procedure was calibrated with standard sialic acids. Bloodstream forms of T.brucei were used as a negative control.
